Results of investigation of grain exchange interaction effects on the magnetic properties of strontium hexaferrite (SrO.6Fe 2 O 3 ) based samples are reported. The investigation was subject to the evaluation of magnetic properties of three samples prepared in three different routes. Sample A was prepared through the refinement of mechanically alloyed powders. Sample B was obtained from the mechanically alloyed of sample A and subsequently irradiated ultrasonically. Whereas the sample C was obtained through mechanically alloyed powder of sample A with the addition of 15% poly vinyl alcohol (PVA) as the non-magnetic binding agent. Subject to phase identification and evaluation of x-ray diffraction data for sample A and B, it was found that both samples are fully crystalline single-phase materials with mean crystallite size respectively 25 nm and 13 nm. Both samples have indicated a high value of M /M ratio subject to evaluation based on comparison between the mean crystallite size and the exchange length values. Additionally, M /M value was calculated from the M of a minor loop and M of theoretical value which resulted in a ratio about 0.5. The addition of a non-magnetic binder in the SHF sample reduces the coercivity significantly due to magnetostatics effect and remanence due to less mass fraction of magnetic phase in the sample.
Introduction
Strontium hexaferrite with the chemical formula SrO.6Fe 2 O 3 is well known hard magnetic phase for permanent magnets [1] , which still dominate the application in various sectors like electric and electronics, telecommunication, magnetic recording media, and microwave devices [2] . The SHF combines several physical characteristics like high values of magnetocrystalline constant (K = 3.6 x 10 6 erg.cm −3 MJ/m 3 ), saturation ICBSA 2018 magnetization ( J = 70 emu/g T) [3] , curie temperature (T = 737 ∘ K/463 ∘ C) [4, 5] which are mostly required for permanent pagebreak magnets. The SHF is a ceramic based compound with excellent chemical stability and high corrosion resistance making SHF most suitable for permanent magnets. In addition, the raw material components for SHF like Fe and Sr are those abundantly available on earth has lead the SHF as the cheap and low costs magnets.
Generally, SHF is prepared by conventional powder metallurgy or sintering method [6, 7] which involves mixing iron oxide (Fe 2 O 3 ), strontium carbonate (SrCO 3 ) and additives. After mixing and pelletizing, the sintering is applied at temperature 1373 K -1573 K [8, 9] to facilitate the solid state reaction toward the hard magnetic phase formation [10] . Several non-conventional techniques, i.e. sol gel [11] , citrate-gel process [12] , co-precipitation [13] , self-flash combustion [14] , and mechano chemical process [15] , injection molding [16] have also been developed in various laboratories to prepare the SHF and improve the magnetic properties. However, among the all processes developed in the laboratory scale, the conventional powder metallurgy has been used for commercial production.
The magnetic properties of permanent magnets is microstructure sensitive for which the grain or crystallite size, crystal shape and phase existence determines the coercivity, remanence and maximum energy product, (BH) [17] . The high coercivity can be obtained if the mean crystallite size within the size of single domain particle [18] . The size of single domain particle of SHF based on theoretical calculation is 0.74 µm ∼ 740 nm [19] . Hence, the mean crystallite size of SHF should be controlled during wet or dry milling to obtain powder of narrow particle size distribution. The mean crystallite size of SHF should be in the range 700 nm -900 nm, and the crystallite growth during sintering for densification has to be avoided for achieving good magnetic properties.
When the crystallite size of magnetic materials is much smaller than that of single domain particle size, effect of grain exchange interaction can take place [20] . However, when the crystallite size is extremely small, effect of superparamagnetic can take place [18] . Several authors have reported that the grain exchange interaction affected the remanence and coercivity [21] . The remanence is enhanced with the expense of coercivity [22] . It was also shown that the effect of exchange coupling between grains increased due to the existence of amorphous grain boundary [23] . [24] . The strength of the grain interaction in magnetic materials can be analyzed by measuring the remanence ratio.
In this study, we carried out the investigation on the effect of grain interaction effect to the magnetic properties of SHF based magnets by means of experimental simulation. The single domain particle of the sample is prepared by mechanical alloy and subsequent ultrasonic irradiation of high frequency. The ultrasonic treated SHF particles are decoupling through the addition 15% of Poli Vinyl Alcohol (PVA) so that inter-grain interactions are blocked. The effect of grain interactions on their magnetic
properties with no exchange grain interaction is compared.
Experimental Method
The experiment procedures in this research are devided in three stages; shyntesize SHF by mechanical alloying, ultrasonic, and preparation of bonded SHF with addition 15% PVA.
Stage 1: Preparation of SHF samples
The stoichiometric amounts of Fe 2 O 3 and SrCO 3 precursors with a purity level greater than 99 % were mixed in vials containing hardened stainless-steel balls of a planetary ball milling apparatus. The mass ratio between precursors and the ball was fixed 1:10.
The ball-milling process was carried out in alcohol dispersion media under a rotating speed of 1500 rpm for 6 hours. The mechanically alloyed powders were dried and compacted in a cylindrical die subject to a uniaxial pressure of 75 kg/cm 2 . The green compact was subsequently calcined at a temperature 1200 ∘ C for 3 hours lead to fully crystalline samples. The crystalline sample was then re-milled together with SiO 2 and CaO additives for 16 hrs. 3.5 grams of fine crystalline powders were compacted at a load of 5 tons by a hydraulic press machine in a round shape, and then were sintered at a temperature 1250 ∘ C for 1 hour. Sample that prepared from this stage is called sample A. Other powders will be a feedstock of ultrasonic irradiation treatment. The ultrasonic irradiation process lasted for 10 hours under the following operating condition: the horn amplitude was 50 dB with a pulse on for 10 sec and pulse off for 5 sec at a 20 kHz automatic frequency tuning. The total energy consumed was ∼5 kJ.
The temperature of the reaction process was monitored using by a digital temperature probe control. The sonicator used is Qsonica Q 700 with a 12 mm probe diameter.
Magnetic powders obtained after ultrasonic irradiation treatment were dried and then compacted and sintered. Sample that prepared in this stage is sample B. Williamson-Hall plot (W-H plot) [25] . All un-overlapping peaks of high diffraction angle were taken into account for a W-H plot.
Stage 3: Preparation of bonded SHF samples

Results and Discussion
3.1. Phase study and mean crystallite size determintaion crystallite size. The ultrasonic treatment has succeeded reducing the mean crystallite size of mechanically alloyed powder. When the ultrasonic irradiation is long enough, the monocrystalline particles could be obtained [26] . Palomino has reported that monocrystalline particles of SHF can be obtained after ultrasonic irradiation process for 1 hour [27] .
It is worthy to note that sintering at a high temperature for samples A and B, the mean crystallite size is remaining small still fall in the nanometer regime. Hence, there has been no crystallites growth taken place in both samples due to high temperature sintering treatment. Samples of magnetic crystals with such ultra-fine size in the nanometer regime must be undergo grain exchange interaction effects. For SHF, the exchange length is 40 nm [28] which larger than that of mean diameter of magnetic crystals in the sample A and sample B.
Microstructures observation
Micrograph that shown in Fig. 4 will increase. beside that, coupling exchange interaction in magnetic materials are also influenced by grain size. If the grain size is reduced to a nanometer, the magnetic properties will obviously change. The changes in the magnetic properties of the three samples will be discussed in the analysis of magnetic properties. Table 1 . The term "magnetization at maximum field, M" implies that the quoted value is the magnetization value at a magnetizing field 12 kOe. The quoted M value in Table 1 Table 1 was calculated subject to the theoretical M value of SHF. The fact that the M /M for SHF samples do not exceed the theoretical limit of 0.5 for non-interacting, randomly oriented unaxial easy axis particles [30] . Hence, there is no grain interacting effect occurred in samples A and B. However, consider that the mean crystallite size of sample A and B is respectively 25 nm and 13 nm, which both values less than the exchange length of SHF 40 nm, then the effect of grain exchange interaction [31] must be taken place in the SHF samples. The current M /M value of < 0.5 for SHF samples might indicate that (M-H) loops as plotted in Fig.   6 for samples A and B represent the minor loops. In addition, the mass density of the two samples as listed in Table 1 is still lower than 5 g/cc the theoretical mass density of SHF [32] . It is believed that with such M /M ratio values that evaluated from M of a minor loop and theoretical M value for SHF, the exchange interaction effects took place in the samples A and B.
Magnetic properties
The (M-H) loop of sample C has a loop with coercivity and remanence values are respectively low when compared with those samples A and B. Obviously, the low remanence value of sample C is associated with a low mass density value due to the presence of a non-magnetic binder in the sample. With 15 % mass fraction of the nonmagnetic binder of the sample, only 85 % the mass of the sample in the whole volume contributes to the magnetization. Consequently, the M /M value for bonded SHF sample is only 0.29. The low coercivity value of sample C might be due to magnetostatics effect arising from the presence of significant number of non-magnetic material inside.
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Conclusion
Investigation on the effect of grain exchange interaction in the SHF sample has been made by comparing the magnetic properties derived from the hysteresis loops. SHF 
